There are five peptidylarginine deiminase (PAD) isozymes designated as PADs 1, 2, 3, 4 and 6, and many are expressed in female reproductive tissues. These enzymes post-translationally convert positively charged arginine amino acids into neutral citrulline residues. Targets for PAD-catalyzed citrullination include arginine residues on histone tails, which results in chromatin decondensation and changes in gene expression. Some of the first studies examining PADs found that they are localized to rodent uterine epithelial cells. Despite these findings, the function of PAD-catalyzed citrullination in uterine epithelial cells is still unknown. To address this, we first examined PAD expression in uterine cross-sections from pregnant ewes on gestation day 25 (d25). Immunohistochemistry revealed that the levels of PADs 2 and 4 are robust in luminal and glandular epithelia compared with those of PADs 1 and 3. As PADs 2 and 4 have well-characterized roles in histone citrullination, we next hypothesized that PADs citrullinate histones in these uterine cells. Examination of caruncle lysates from pregnant ewes on gestation d25 and an ovine luminal epithelial (OLE) cell line shows that histone H3 arginine residues 2, 8, 17 and 26 are citrullinated, but histone H4 arginine 3 is not. Using a pan-PAD inhibitor, we next attenuated histone citrullination in OLE cells, which resulted in a significant decrease in the expression of insulin-like growth factor-binding protein 1 (IGFBP1) mRNA. As IGFBP1 is important for the migration and attachment of the trophectoderm to uterine endometrium, our results suggest that PAD-catalyzed citrullination may be an important post-translational mechanism for the establishment of pregnancy in ewes.
Introduction
There are five peptidylarginine deiminase (PAD) enzymes (PADs 1-4 and 6) with widespread, and often overlapping, expression in tissues and cells (Vossenaar et al. 2003) . This calcium-dependent enzyme family post-translationally converts arginine amino acids in proteins to the non-coded residue citrulline. One exception to this is PAD6, which does not possess catalytic activity and is restricted to fibrous cytoplasmic lattices in mouse oocytes (Wright et al. 2003) . PAD activity, termed deimination or citrullination, results in the loss of the positively charged guanidinium group from arginine residues. This post-translational modification occurs on arginine residues in cytoplasmic proteins such as β-actin and β-tubulin and in multiple histone isotypes (Hagiwara et al. 2005 , Jiang et al. 2013 , Kholia et al. 2015 . Although the functional consequences of this modification on cytoplasmic proteins remain largely unclear, histone citrullination results in changes in chromatin structure to alter gene expression (Wang et al. 2004) . To date, only PADs 2 and 4 have been shown to localize to the nucleus and citrullinate arginine residues on histone tails (Wang et al. 2004 , Cherrington et al. 2012 . Some of the first studies investigating PAD enzymes discovered robust expression and catalytic activity in rodent uteri (Takahara et al. 1989 , Terakawa et al. 1991 . Despite this, the functional role of PAD-catalyzed citrullination in the uterus is still unknown. To address this, we have investigated PAD-catalyzed citrullination in uterine tissues from pregnant ewes on gestation day 25 (d25) and an ovine luminal epithelial (OLE) cell line.
PADs 1, 2 and 4 are expressed in rodent uterine tissue in luminal and glandular epithelial cells (Takahara et al. 1992 , Horibata et al. 2012 . In addition, a genomic study found that PAD mRNA levels are highest in mouse uterine tissue compared with all of the other 50 tissues examined (Barrett et al. 2009) . Expression changes over the phases of the estrous cycle with highest levels of PADs 2 and 4 during estrus, whereas PAD1 is elevated during proestrus (Terakawa et al. 1991 , Takahara et al. 1992 . Our past work and that of others shows that ovariectomy of mice eliminates PAD expression in the uterine luminal and glandular epithelial cells, but that it is restored by exogenous estrogen treatment (Terakawa et al. 1991 , Takahara et al. 1992 , Rus'd et al. 1999 , Horibata et al. 2012 . In terms of uterine physiology, estrogen produced by the growing follicle is absolutely critical during the proliferative phase of the estrous cycle for the regeneration and growth of the endometrium. Although their expression is clearly estrogen regulated, it is not known whether PADs play a role in endometrial growth during the proliferative phase of the estrous cycle.
PADs are also expressed in mouse uterine tissue during pregnancy (Arai et al. 1995) . Arai et al. found that PAD activity sharply increases from days 8 to 10 of pregnancy in mice, but decreases at later stages (Arai et al. 1995) . PADs are expressed in mouse decidual cells, which differentiate from the uterine stromal cells surrounding the site of embryo implantation; however, it is important to note that decidualization is not thought to occur in ovine stromal cells. Importantly, no PAD expression is detected in mouse embryoderived trophoblast cells (Arai et al. 1995) . Despite these initial findings, the function of PAD-catalyzed citrullination in uterine tissues during pregnancy is unclear.
In the ewe, the placentome unit is composed of the fetal cotyledon and maternal caruncle. At approximately day 13-14 of pregnancy, the trophoblast begins to attach and forms a strong contact with maternal luminal epithelial cells. To achieve attachment, luminal and glandular epithelial cells initiate gene programs to produce numerous molecules collectively termed the histotroph, which is then secreted into the uterine lumen (Bazer 1975 , Kane et al. 1997 ). The histotroph is required for conceptus survival and growth and to stimulate uterine receptivity for implantation/attachment (Roberts et al. 1987 , Carson et al. 2000 . Supporting this, the ewe uterine gland-knockout model, which lacks uterine glandular epithelial cells, cannot maintain pregnancy (Gray et al. 2001a (Gray et al. ,b, 2002 . Many important genes expressed in ewe uterine luminal and glandular epithelial cells during early pregnancy have been identified (Gray et al. 2006 , Spencer et al. 2008 , Satterfield et al. 2009 ). For example, insulin-like growth factor-binding protein 1 (IGFBP1) is produced and secreted by uterine epithelial cells to stimulate migration and attachment of the trophectoderm to maternal tissue (Gleeson et al. 2001) . To the best of our knowledge, little work has investigated the role of histone modifications in regulating gene expression of the histotroph in ewe uterine luminal epithelial cells.
Our studies show that PADs 2 and 4 are highly expressed, catalytically active and citrullinate histone H3 arginine residues 2, 8, 17 and 26 in gestation d25 ewe uterine epithelia. To investigate gene expression in uterine cells, we used the OLE cell line that only expresses PADs 2 and 4 (Johnson et al. 1999) . These cells display strong PAD2 and PAD4 staining in their nuclei and only citrullinate histone H3 arginine residues similar to patterns identified in gestation d25 ewe caruncle lysates. After treatment of OLE cells with the pan-PAD inhibitor biphenyl-benzimidazoleCl-amidine (BB-ClA), expression of IGFBP1 mRNA is significantly decreased. Overall, our work indicates that PAD-catalyzed citrullination regulates gene expression in uterine luminal epithelial cells, and this mechanism may be necessary for maintaining early pregnancy in the ewe.
Materials and methods

Materials
The rabbit anti-PAD2 antibody was purchased from Proteintech (12110-1-AP, Rosemont, IL, USA) and the rabbit anti-histone H4cit 3 antibody was purchased from EMD Millipore (07-596). The rabbit anti-β-actin (ab8227), histone H3 total (ab1791), H3cit 2,8,17 (ab5103), H3Cit 26 (ab19847) and PAD1 (ab24008) antibodies were purchased from Abcam. Rabbit anti-PAD3 and PAD4 antibodies were purchased from Antibodies-online Inc. (ABIN347067 Atlanta, GA, USA) and Sigma-Aldrich (P4749) respectively. The goat antirabbit HRP secondary antibody was purchased from Jackson ImmunoResearch (111-035-003). The PAD inhibitor, biphenylbenzimidazole-Cl-amidine (BB-ClA), was synthesized by Dr Paul R Thompson (University of Massachusetts) as described previously (Knight et al. 2015) .
Cell culture
OLE cells, a generous gift from Dr Greg Johnson (Texas A&M), were maintained in high-glucose DMEM containing 2 mM glutamine, 100 U penicillin/mL, 100 µg streptomycin/mL and 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA). All cells were grown in 5% CO 2 at 37°C in a humidified environment.
Ewe uterine tissue samples
Rambouillet ewes (Ovis aries) were maintained with ad libitum access to food and water. Animal treatment and tissue collection are described in detail in Quinn et al. (2014) . Euthanasia and tissue collection were performed in accordance with the guidelines outlined in the Report of the AVMA on Euthanasia. The New Mexico State University Animal Care and Use Committee reviewed and approved all experimental procedures using animals.
Immunohistochemistry (IHC) and immunofluorescence (IF)
IHC and IF experiments were carried out as described previously (Cherrington et al. 2010) . Briefly, slides were deparaffinized in 3 × 5-min washes in xylene followed by sequential 5-min rehydrations in 100, 95 and 75% EtOH. Endogenous peroxidase activity was blocked by incubating slides in 0.5% hydrogen peroxide in cold methanol for 10 min. Next, antigen retrieval was conducted by submerging the slides in 0.01 M sodium citrate and boiling 2× for 12 min. After cooling, slides were washed in 1× PBS and then blocked in 10% normal goat serum and 1× casein (Vector Labs, Burlingame, CA, USA) diluted in 1× PBS for 20 min at room temperature in a humidified chamber. After removing excess blocking solution, slides were incubated with anti-PAD antibodies diluted 1:100 in 1× PBS for 2 h at 37°C. For negative controls, slides were incubated with an equal mass of non-specific rabbit IgG. After washing three times in PBS, slides were incubated for 20 min at room temperature with a biotinylated secondary antibody diluted 1:200 in 1× PBS. After three washes in PBS, IHC slides were incubated in DAB chromogen (Vector Labs) solutions according to the manufacturer's protocol, washed and then counterstained with hematoxylin and coverslip mounted. Images were taken with a Zeiss Axio Vert.A1 microscope using the 10 and 40× objectives.
For IF, OLE cells were grown in MatTek 35 mm glass bottom dishes (Ashland, MA, USA). Cells were fixed, permeabilized and then incubated in sequential steps with primary antibodies and fluorophore-conjugated (488) secondary antibodies (A11008, Thermo Scientific). After washing three times in 1× PBS, cells were stained with DAPI. For each experiment, duplicate dishes were incubated with an equal mass of non-specific rabbit IgG as a negative control (1-1000, Vector Labs). All samples were imaged on a Zeiss LSM 710 confocal microscope under a 40× objective.
PAD activity assay
The Color Development Reagent (COLDER) assay was carried out as described previously (Knuckley et al. 2010) . Briefly, caruncles were lysed in modified RIPA buffer (50 mM Tris-Cl pH 8, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate), sonicated and then cleared by centrifugation. Lysates were incubated with 50 μg/mL of urease (Sigma-Aldrich) to eliminate interference from urea and methylurea. 20 μg from three independent d25 ewe caruncle lysates were then incubated with Nα-benzoylarginine ethyl-ester hydrochloride (BAEE) (Sigma-Aldrich) for 18 h at 55°C in the presence of 10 mM calcium chloride or 50 mM EGTA. Identical samples lacking BAEE were also incubated as a no-substrate control. Concentration was compared with a citrulline standard curve that was linear throughout the test range. Experiments were repeated at least three times, and values are expressed as means ± s.e.m. Means were separated using Student's t-test, and * indicates significantly different means (P < 0.05).
Histone purification
For PAD inhibitor studies, OLE cells were treated with vehicle or 2 μM BB-ClA for 3 h or for 6 h, which included a second spike after the first 3 h. Histones were purified using an acid extraction method as described previously (Shechter et al. 2007) . Briefly, cells were washed with 1× PBS and lysed with hypotonic lysis buffer (10 mM Tris pH 8, 1 mM KCl, 1.5 mM MgCl 2 , 0.5% NP-40, 1 mM DTT, 1× protease inhibitor, 1× PMSF, dH 2 O). The lysate was placed on ice for 30 min, and then nuclei were isolated by centrifugation (10,000 g for 10 min at 4°C). The nuclei pellet was dissolved in 0.4 M H 2 SO 4 and rotated overnight at 4°C. After centrifugation at 17,000 g for 10 min at 4°C, the supernatant was collected, 100% TCA was added (20% of total volume) and incubated on ice for 20 min. Centrifugation at 17,000 g for 10 min at 4°C was again conducted, the supernatant was then discarded and the pellet was washed with 300 μL of cold acetone. The purified histone pellets were air dried, resuspended in 50 μL of nanopure H 2 O, and quantified using a Pierce 660 nm protein assay.
Western blots
Positive controls for PAD antibodies were generated by overexpressing human PAD 1-4 plasmids for 24 h following a Mirus Bio (Madison, WI, USA) TranIT-2020 transfection protocol. Positive controls for histone antibodies were generated by in vitro citrullination of bulk histones. OLE cells and snap-frozen d25 ewe caruncles were lysed with RIPA buffer containing 50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 1 mM PMSF and 1× protease inhibitor (Thermo Scientific). Protein concentration of lysates and purified histones was measured by Pierce 660 nm protein assay before gel loading to ensure equal protein loading. 6× sample buffer consisting of 0.5 M Tris-HCl (pH 6.8), 60% glycerol, 30 mM DTT and 6% SDS was added into samples to yield a final concentration of 1× sample buffer and then boiled at 95°C for 5 min. The samples were subjected to SDS-PAGE using 12 or 15% gels (acrylamide:bis-acrylamide ratio of 29:1) and subsequently transferred to Immobilon PVDF membranes (EMD Millipore). Membranes were blocked in 1× casein (Vector Labs) diluted in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) overnight at 4°C. Primary antibodies were incubated overnight at 4°C: Anti-PAD1 (1:1000), Anti-PAD2 (1:2000), Anti-PAD3 (1:800) or Anti-PAD4 (1:2000), H3cit 2,8,17 (1:1000), H3cit 26 (1:500), H4cit 3 (1:500), H3 total (1:5000). The following morning, membranes were washed in TBS-T, followed by 2-h incubation at room temperature with 1:10,000 anti-rabbit HRP secondary antibody. All blots were washed for 50 min (5 × 10 min) with TBS-T after secondary antibody incubation and then visualized with a Bio-Rad Chemidoc XRS using SuperSignal West Pico and Femto chemiluminescence substrate (Pierce). To confirm equal protein loading, membranes were stripped and re-probed with anti-β-actin or anti-total histone H3. Quantitative densitometry analysis was conducted with Bio-Rad Image Lab software. Anti-modified citrulline (AMC) western blots were performed according to the manufacture's (Livak & Schmittgen 2001 , Coleson et al. 2015 . The experiment was repeated 3 independent times, and values are expressed as the mean ± s.e.m. Means were separated using Student's t-test, and *** indicates significantly different means (P < 0.0001).
Statistical analysis
All experiments were independently repeated at least three times, and resulting values are expressed as the mean ± s.e.m. Statistical analysis was done with GraphPad Prism 6.0. Means were separated using Newman-Keuls ANOVA or Student's t-Test and * indicates significantly different means (*P < 0.05 and ***P < 0.0001).
Results
PADs 2 and 4 are expressed in luminal and glandular epithelial cells in gestation day 25 ewe uterine cross sections
As PADs are expressed in mouse uterine luminal and glandular epithelial cells, we first examined if PADs are also expressed in ewe uterine cells on d25 of gestation. Paraffin-embedded uterine tissue was cut into 5 μM sections and examined by IHC. Tissue sections were probed with an equal mass of non-specific IgG as control or primary antibodies against PADs 1-4. Imaging revealed that PAD2 and PAD4 expression localizes to luminal and glandular epithelial cells with sparse staining in adjacent stromal tissue (Fig. 1, panels B, I and D, J). In contrast, PAD1 and PAD3 display low levels of expression in luminal and glandular epithelial cells (Fig. 1, panels A and C) . This is the first work to show Uterine tissue from pregnant ewes on d25 of gestation was harvested, fixed in 4% paraformaldehyde, embedded in paraffin and sectioned. 5 µm uterine tissue sections were subject to a standard IHC protocol using rabbit anti-PAD1, PAD2, PAD3 and PAD4 antibodies or an equal amount of non-specific rabbit IgG as a control. Images were taken with a Zeiss Axio Vert. A1 microscope using the 10 and 40× objectives, and DAB staining represents PAD expression. Scale bars for 10× images are 100 μm, whereas scale bars in 40× images are 20 μm. that PADs are expressed in pregnant ewe uterine luminal and glandular epithelial cells and display a cellular localization pattern similar to that found in mouse uteri.
PADs are catalytically active in gestation day 25 ewe caruncle lysates and citrullinate multiple proteins including histone H3 arginine residues
Given that PADs are expressed in ewe uterine luminal and glandular epithelia, we hypothesized that the enzymes would be catalytically active and citrullinate proteins. To test this, we first examined PAD activity in caruncle lysates (n = 3) from ewes on d25 of gestation using the COLDER assay as described previously (Li et al. 2016) . As PAD activity is highly calcium dependent, 20 μg of caruncle lysate was incubated in the presence of 10 mM calcium chloride or 50 mM EGTA. Our results show that PADs are catalytically active, and that chelation of calcium significantly decreases activity (P < 0.05) ( Fig. 2A) . We next tested if citrullinated proteins are present in caruncle lysates. To do this, caruncle lysate was subjected to an anti-modified citrulline (AMC) western blot, which included in vitro citrullinated histones as a positive control (Li et al. 2016) . Multiple citrullinated protein bands were detected (Fig. 2B) ; however, we achieved poor resolution of smaller-sized bands. Therefore, we next used western blots to examine if characterized antibodies could detect citrullinated arginine residues on histone tails in caruncle lysates. Membranes were probed with anti-H3cit 2, 8, 17, H3cit 26 and H4cit 3 antibodies and β-actin as a loading control. Western blots included in vitro citrullinated bulk histones as a positive control. Our results show that histone H3 arginine residues 2, 8, 17 and 26 are citrullinated; however, histone H4 arginine 3 is not (Fig. 2C ). Taken together, our results suggest that PAD-catalyzed citrullination occurs in uterine luminal and glandular epithelial cells of ewes during pregnancy, and one target is arginine residues on histone H3 tails. Membranes were probed with rabbit anti-PAD1, PAD2, PAD3, PAD4 antibodies or anti-β-tubulin for a loading control. Positive controls (+) were generated by the overexpression of PAD1-4 plasmids. (B) OLE cells were grown on glass bottom dishes then fixed, permeabilized and subjected to an IF protocol using anti-PAD2 and anti-PAD4 antibodies (green) and stained with DAPI (blue). Cells were imaged using a Zeiss LSM 710 confocal microscope using a 40× objective and scale bar is 5 μm. et al. 1999) . OLE cell lysates were examined by western blot in parallel with lysates in which human PAD 1-4 plasmids were overexpressed to generate positive controls (+) for PAD antibodies. Membranes were probed with anti-PAD 1-4 antibodies or β-actin as a loading control. Our result highlights that PADs 2 and 4 are the predominant isozymes expressed in OLE cells (Fig. 3A) . We next used IF confocal microscopy to examine the subcellular localization of PADs 2 and 4 in OLE cells. OLE cells were fixed, probed with anti-PAD2 and PAD4 antibodies and then stained with DAPI. Our imaging results revealed that OLE cells have strong PAD2 and PAD4 staining within the nucleus (Fig. 3B) . Thus, the OLE cells recapitulate PAD expression patterns detected in gestation d25 ewe uterine tissue and may serve as a suitable model to examine PADregulated gene expression.
Histone H3 arginine residues 2, 8, 17 and 26 are citrullinated in OLE cells
As PADs 2 and 4 are expressed in the nuclei of OLE cells, we next tested if OLE cells display a similar citrullinated histone profile as that identified in gestation d25 caruncle lysates. To test this, equal concentrations of purified OLE histones were examined by western blot, which included in vitro citrullinated bulk histones as a positive control. Membranes were probed with anti-H3cit 2, 8, 17, H3cit 26 and H4cit 3 antibodies or total H3 as a loading control. Similar to gestation d25 caruncle lysates, histone arginine residues 2, 8, 17 and 26 are citrullinated; however, H4 arginine 3 is not (Fig. 4) . These results indicate that citrullination of histone H3 arginine residues occurs in OLE cells.
Treatment of OLE cells with the pan-PAD inhibitor BB-ClA decreases histone citrullination
We next tested if treatment with BB-ClA decreases histone citrullination in OLE cells. OLE cells were treated with vehicle (DMSO) or 2 μM BB-ClA for 3 and 6 h at which point histones were isolated and quantified. Equal concentrations of histones were examined by western blot, and membranes were probed with anti-H3cit 2, 8 and 17 antibody and total H3 as a loading control. The representative western blot illustrates that 6 h of treatment with 2 μM BB-ClA reduces histone citrullination compared with vehicle-treated controls (Fig. 5A) . Quantification of blots (n = 4) revealed that BB-ClA significantly Treatment of OLE cells with the pan-PAD inhibitor BB-ClA decreases histone citrullination. (A) OLE cells were treated with vehicle (DMSO) or 2 μM BB-ClA for 3 and 6 h. After treatment, OLE histones were purified by acid extraction, quantified and equal amounts examined by western blot. Membranes were probed with a rabbit anti-histone H3cit 2, 8 and 17 antibody, then stripped and reprobed with an anti-histone H3 total antibody as a loading control. (B) Quantitative analysis of the western blots (n = 4) was conducted using Bio-Rad ImageLab software and normalized to total histone H3 levels. Means were separated using Newman-Keuls ANOVA and * indicates significant differences (P < 0.05), whereas error bars represent the s.e.m. decreases histone H3 citrullination by approximately 50% following 6 h of treatment compared with vehicle-treated controls (P < 0.05) (Fig. 5B) . Thus, BB-ClA significantly inhibits PAD-catalyzed citrullination of histones in OLE cells.
PAD inhibition decreases the expression of IGFBP1 mRNA in OLE cells
To determine if PAD-catalyzed citrullination regulates gene expression in OLE cells, we first identified two genes that are important during early pregnancy in the ewe. We examined the expression of IGFBP1 and hydroxysteroid (11-B) dehydrogenase 1 (HSD11B1) based on their characterized expression patterns in uterine luminal epithelia (Gray et al. 2006 , Spencer et al. 2008 , Satterfield et al. 2009 ). OLE cells were treated with vehicle (DMSO) or 2 μM BB-ClA for 6 h, RNA was then purified from cells, reverse transcribed and resulting cDNA was examined by qPCR with primers specific for IGFBP1, HSD11B1 and GAPDH as the reference control gene. Our results show that inhibition of PAD-catalyzed citrullination in OLE cells results in a significant decrease in IGFBP1 mRNA expression (P < 0.0001), while having no effect on HSB11B1 (Fig. 6 ). This result suggests that PAD-catalyzed citrullination normally stimulates IGFBP1 expression in uterine luminal epithelial cells.
Discussion
The majority of pregnancy loss in humans and livestock occurs during early pregnancy (Macklon et al. 2002 , Diskin et al. 2006 , Dixon et al. 2007 , Kwak-Kim et al. 2010 . As such, significant effort has been expended to understand the relevant mechanisms to prevent such loss. One area under investigation is how the histotroph, produced by uterine luminal and glandular epithelial cells, regulates conceptus-uterine interactions. Underlying histotroph production is the activation of specific gene programs that encode the complex mixture of proteins, cytokines, growth factors and hormones required for implantation/attachment. Our work here has investigated the function of PAD-catalyzed citrullination in ewe uterine epithelial cells and identified a possible role in expression of a histotroph protein.
To address PAD function in uterine tissue, we first examined expression in uterine cross sections from pregnant ewes on d25 of gestation and found that PADs 2 and 4 are highly expressed, whereas the expression of PADs 1 and 3 is low. This finding is supported by our previous work showing strong PAD2 and PAD4 expression in mouse uterine luminal and glandular epithelial cells (Horibata et al. 2012) . At present, it is unclear what stimulates PAD expression in uterine luminal and glandular epithelial cells. In estrogen receptor α-knockout (αERKO) and KI/KO (ER-binding mutant) mice, uteri show decreased levels of PAD expression compared with those in wild-type mice indicating that ERα is important for expression (Hewitt et al. 2003) . However, low ERα mRNA and protein in the luminal and shallow glandular epithelia, combined with low serum estrogen on d25 of gestation in ewes indicates that this mechanism does not likely regulate Figure 6 PAD inhibition decreases the expression of IGFBP1 mRNA in OLE cells. OLE cells were treated with vehicle (DMSO) or 2 μM BB-ClA for 3 and 6 h. Total RNA was purified from OLE cells, reverse transcribed and resulting cDNA was examined by qPCR with intron spanning primers for IGFBP1, HSD11B1 or GAPDH as the reference gene control. Data were analyzed using the ΔΔCt method where IGFBP1 and HSD11B1 Ct values were normalized to GAPDH and are represented as fold change in mRNA expression. Data are expressed as means ± s.e.m. Means were separated using Student's t-test and *** indicates significant differences (P < 0.0001).
PAD expression (Spencer & Bazer 1995) . In contrast, serum progesterone levels increase during the periimplantation period, but exogenous progesterone treatment of ovariectomized mice does not alter PAD expression over vehicle-treated controls (Takahara et al. 1992) . Thus, autocrine and paracrine signals from maternal and embryonic tissues most likely regulate PAD expression during this period, and studies are currently underway to address this interesting question.
Multiple proteins are citrullinated in gestation d25 caruncle lysates. The identity and function of these citrullinated proteins is unknown, but it is an active area of research in our lab. Our studies did determine that histone H3 arginine residues 2, 8, 17 and 26 are citrullinated in OLE cells and gestation d25 caruncle lysates, but that histone H4 arginine 3 is not. Collectively, these results suggest that citrullination of specific arginine residues may govern the expression of gene programs in uterine luminal epithelial cells. Our previous studies in mammary epithelial cells also support that PAD2 and PAD4 localize to the nucleus and citrullinate-specific histone tail arginine residues to regulate gene expression (Cherrington et al. 2010 , 2012 , Zhang et al. 2011 . Once in the nucleus, PADs hydrolyze the positive guanidinium group of arginine residues on histone H2A, H3 and H4 tails to alter the charge association between DNA and histone octomers to decondense chromatin and subsequently alter gene expression (Hagiwara et al. 2002 , Wang et al. 2004 . Functionally, PADs antagonize histone arginine methylation by coactivator-associated arginine methyltransferase (CARM1) and protein arginine methyltransferase (PRMT1) (Wang et al. 2004) . In addition to PADs, multiple isoforms of histone lysine demethylase are expressed in caruncle tissue from gestation day 90 ewes (Cleys et al. 2015) . Interestingly, both epigenetic enzymes function as demethylases, which may be an important mechanism to regulate gene programs during pregnancy in ewe caruncle tissues.
The OLE cell line was isolated from ewe uterine luminal epithelial cells on day 5 of the estrous cycle (Johnson et al. 1999) . It is important to note that endometrial cells from both pregnant and cyclic ewes, cattle and humans express similar genes important for receptivity and implantation (Kao et al. 2002 , Brooks et al. 2014 . In OLE cells, histone citrullination is attenuated by BB-ClA, which blocks PAD activity by covalently binding to the enzyme active site (Knight et al. 2015) . BB-CLA significantly decreases PAD activity both in vitro and in vivo (Horibata et al. 2015 , Knight et al. 2015 . We next identified two potential target genes, IGFBP1 and HSD11B1, expressed in uterine luminal epithelial cells based on microarrays data sets; both genes have characterized roles during early pregnancy in ewes (Johnson et al. 2001 , Spencer et al. 2004 , 2008 , Satterfield et al. 2009 ). In OLE cells, the inhibition of PAD-catalyzed citrullination did not alter the expression of HSD11B1; however, IGFBP1 mRNA levels were significantly decreased. Given this decrease, it is likely that PAD-catalyzed citrullination normally stimulates the expression of IGFBP1. IGFBP1 is secreted by uterine luminal and glandular epithelial cells to facilitate migration and attachment of the trophectoderm (Gleeson et al. 2001 , Brooks et al. 2014 . During the peri-implantation period, luminal epithelial cells secrete increasing amounts of IGFBP1, which temporally corresponds with the transformation of the blastocyst into a filamentous conceptus (Spencer et al. 2004 (Spencer et al. , 2007 . From a functional standpoint, IGFBP1 contains a tripeptide Arg-Gly-Asp (RGD) motif that binds the integrin heterodimer α5β1 to promote cell attachment. Mutation of the motif results in decreased migration of human trophoblast cells (Irwin & Giudice 1998 , Gleeson et al. 2001 . In addition to the ewe, IGFBP1 is implicated as a regulator of implantation and placental development in other species (Giudice & Saleh 1995 , Robinson et al. 2000 . Our work suggests that PAD-catalyzed citrullination facilitates the expression of IGFBP1, and therefore, may represent a novel mechanism contributing to trophoblast attachment in the ewe. It is also likely that PAD-catalyzed citrullination regulates the expression of additional genes involved in this process. Our follow-up studies are designed to identify the full cohort of genes regulated by PAD-catalyzed citrullination in uterine luminal epithelial cells.
Our work here further advances our knowledge of PAD function in uterine epithelial cells and begins to address a role for theses enzymes during early pregnancy. We propose that PAD-catalyzed citrullination may be an important mechanism used by uterine luminal epithelial cells to regulate histotroph gene expression during early pregnancy. If true, then modulating PAD-catalyzed citrullination could be a novel approach to regulate conceptus attachment to uterine tissue. Thus, this line of research may represent a new approach to investigate early pregnancy loss, which occurs in species ranging from humans to livestock.
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